The similarity analysis showed that deformable registrations provide superior results than rigid registrations
Introduction

1
Peptide receptor radionuclide therapy (PRRT) with radiolabelled somatostatin analogues is a specific type of 2 molecular radiotherapy (MRT) and an effective treatment for patients with neuroendocrine tumours (NETs) [1] . It has 3 been shown that three-dimensional (3D) voxel-based patient specific dosimetry is possible and allows to accurately 4 assess the dose absorbed by the organs at risk (OARs) and by the different areas of the disease, as a measure of the 5 potential therapeutic effect [2, 3, 4, 5].
6
Every methodology adopted for dosimetry is affected by a number of metrological issues and uncertainties as 7 highlighted by D'Arienzo et al [6] and by Gustafsson et al [7] . These include, among others, measurement of 
16
When dealing with sequential functional imaging, the misalignment of sequential scans is a critical aspect, by which 17 the global accuracy of the dosimetry calculations can be strongly affected. Misregistration errors can derive from 18 changes in patient repositioning, organ deformation, tumour progression/regression between different scans and respiratory motion, as reported also by some critical works related to PET/CT diagnostics [8] and external beam 1 radiotherapy [9, 10] . Whatever the source of these errors, they are likely to lead to a poor estimation of organ absorbed 2 doses at the voxel level, and consequently to a sub-optimal treatment plan and to an erroneous prediction of MRT 3 treatment response. On the other hand, several authors recommend to optimize MRT planning to limit the absorbed 4 dose to OARs, while maximizing the tumour control in individualized MRT treatments [3] . Since only a series of 3D 5 images may provide scientists for the possibility to apply all modelling and fitting methods to each voxel individually, 6 approaching a totally personalized treatment, the registration of images should be as more adequate as possible.
7
For these reasons, and together with the need to implement more accurate 3D patient specific dosimetry calculation in 8 MRT, a strong interest towards issues related to image registration has lately raised [11, 12] . Recently Jackson et al.
9
[2] used sequential rigid and deformable registration to align SPECT/CT images in PRRT dosimetry calculations.
10
They performed a CT to CT registration, due to the intrinsic variation in activity distribution of SPECT images, which 11 makes SPECT to SPECT registration inadequate.
12
Although a full comparison between deformable and rigid registration methods was not carried out in that study, the 13 authors concluded that registration accuracy and limited spatial resolution of the SPECT camera may preclude 14 absorbed dose calculations to very small volumes and may have a low impact on estimated absorbed doses of large 15 organs, especially if these organs exhibit homogenous uptake areas.
16
Ao et al [13] , on the other hand, didn't present a complete study. They showed that deformable image registration can 17 affect the accuracy of 3D dosimetry with 111 In-Zevalin, compared to rigid registration, but they based their study on a 18 modelled phantom population. Therefore, important limitations were raised even by the authors: the respiratory motion during SPECT/CT acquisitions was not modelled in the simulation; the study was basically on phantom, so 1 any clinical reference on the realistic degree of deformation among different imaging time points was not considered; 2 they unrealistically simulated uniform activity distributions in organs.
3
Furthermore, their study used only a single patient case (4 SPECT scanned at different time points and 1 CT scan 4 acquired at 24h p.i. for attenuation correction) with the aim to prove that the clinical results were consistent with the 5 simulations.
6
They focused on the impact of organ-by-organ deformable registration on quantitative SPECT images and 7 investigated only the improvement in organ absorbed dose assessment.
8
In this study, instead, we systematically investigate the impact of using image registration within the context of an 
11
activity was fixed or chosen based only on weight or body surface area, or similar approach, because the 12 personalization of PRRT was the aim of the trial. The adopted administration protocol was described elsewhere [16] .
13
A cohort of 11 clinical cases (in the following referred to as the cohort) was extracted from the clinical trial database 
17
The mean administered activity for the cohort was 5.3  0.9 GBq. Differences in administered activity were due to were adopted in all sequential images.
6
The abdomen SPECT images were acquired with a dual head gamma camera (SymbiaT2, Siemens Medical, Germany, 7 3/8" NaI(Tl)-detector) and the following settings: two medium energy (ME) collimators; matrix = 128 x 128; zoom = 
12
For the higher EW, the double energy window (DEW) scatter correction was used (lower scatter window 171.60 -
13
192.40 keV, weight = 0.75). The helical CT parameters were 130kV of voltage with care dose tool activated to 14 optimise the anodic current for patient dose saving (maximum anodic current set at 90mAs for the first high quality
15
CT at 1h p.i. and at 40mAs for CT acquired at 4h, 24h, 40h, and 70h p.i.), slice thickness 5mm.
16
The SPECT projections were reconstructed using an iterative algorithm with compensations for attenuation, scatter,
17
and full collimator-detector response as implemented in the E-Soft workstation v32B (Syngo, Siemens Medical
18
Solution, Germany) with the Flash 3D iterative algorithm (10 iterations; 8 subsets; Gaussian filter cut-off = 4.8 mm;
4.8 mm cubic voxel). The SPECT/CT acquisition and reconstruction protocols were previously validated by 
7
The calibration protocol was described in detail elsewhere [18] . In brief, the reference phantom was scanned 5 times In this study, we used both rigid and deformable image registration to bring, for each clinical case, the 5 sequential
SPECT/CT scans in the same frame of reference of the first CT scan.
8
The rigid registration was manually performed using the Siemens E-Soft workstation. Each SPECT scan was 9 registered to the reference CT scan using translations and rotations only, using an iterative process until the best match 10 for the kidneys was visually found.
11
The deformable registration was performed with Velocity (Varian Medical Systems, Palo Alto, USA), which uses a 12 modified B-spline deformable algorithm with mutual information-based matching [22] . This algorithm performs a 3- 
17
In this work, the CT component of each SPECT/CT scan was first manually registered to the reference CT scan to 18 match the bony anatomy and then the Velocity deformable multi-pass registration algorithm was applied for optimal image fusion over the whole image. Images registered with the Velocity deformable registration algorithm were 1 visually assessed and considered to be clinically acceptable. The deformable registration was carried out between the 2 CT scans, and the resulting deformation map was applied to the corresponding SPECT scan. The temporal scan 3 sequence is reported in Figure 1 (a) . Both rigid and deformable registration workflows are depicted in Figure 1 (b) and
4
Figure 1 (c). An example of a rigid and a deformable registration is shown in Figure 2 with the relevant VOIs.
5
The quality of the image registration was evaluated using the Structural Similarity Index (SSIM) [14] as implemented 6 in the MATLAB (The Mathworks, Natick MA) platform. SSIM was designed to provide an objective metric for 7 comparing a distorted image to a distortion-free (reference) image and is calculated as a combination of pixel 8 intensity, contrast and structural information [24] . In this work, SSIM was calculated in the range [0,100] where 100 9
indicates a perfect match between the images. For all the clinical cases, the SSIM values were calculated between the 10 first CT scan (used as reference) and the sequential CT scans registered using both rigid and deformable algorithms.
11
Differences between SSIM values for the deformable and rigid registration were compared with paired samples
12
Wilcoxon tests (two-sided, significance level 0,05) of the four comparison (images acquired at T2, T3, T4 and T5
13
compared to the CT acquired at T1). Statistical analysis was performed using R 3. 
12
Single values for SSIM are reported in Table 1 for each patient and for each CT image (acquired at T2, T3, T4 and 13 T5), in comparison with the CT acquired at T1. Standard deviations for rigid and deformable registrations were also 14 calculated. It can be noted that the quality of the registration is higher in the case of deformably registered volumes. 
15
12
Discussion
13
The analysis of the similarity index showed that the deformed CT scans are more similar to the reference CT than the 14 rigidly registered CT scans. The deformation matrices, or the rigid registration matrices are the same applied to NM Hence, the deformable registration algorithm has a higher degree of improvement than the rigid registration, providing 1 an image more similar to the reference one. Furthermore, the standard deviations reported in 
7
The mean absorbed dose calculated with deformable image registration (Ddef) was found to be in general higher than than Ddef by up to 19% as shown in Table 2 . In 20 out of 22 cases, Drig for lesions was lower than Ddef by up to 67% as 13 shown in Table 3 . An interesting correlation between P.D. and imaging modality in which the lesion was outlined 14 ('CT' or 'SPECT/CT') is also shown in Table 3 . Indeed, it can be noted that when the lesion was outlined on a fused 15 scan (i.e. 'SPECT/CT') and the corresponding mass used in absorbed dose calculations, the P.D. for Drig compared to
16
Ddef was higher than 20%, in 80% of the cases. On the other hand, when the contour was based on CT and the 17 corresponding mass used in absorbed dose calculations, the P.D. was lower than 20%, in 75% of cases. This suggests
18
that the choice of the imaging modality used for target delineation is an additional important factor to consider when the aim is to evaluate the effect of the deformable algorithm on the absorbed dose calculation. These results could be 
14
The following additional observations can be made: (a) in patient No. 5 (cf. Figure 2 ), 'liver lesion 1' (volume 8 mL,
15
'CT' contouring modality) is characterized by a large negative P.D. of -67.2% (figure 2 to see the area of the liver).
16
This value can be explained by the presence of a motion artefact in the abdomen hugely corrected using deformable 
5
In our experience, deformable image registration was a useful tool in accounting for misregistrations due to 
15
This is true, because the exact voxel-to-voxel alignment have a marginal impact on estimated absorbed dose. In our 16 study, all lesions had a volume larger than 4mL and 16 out of 22 had a volume larger than or equal to 14 mL. In our 17 experience, deformable registration could be successfully used across the range of VOIs considered in this study. Even
18
if the differences between Drig and Ddef were found to be smaller for kidneys than for lesions, deformable image registration proved to have a key role in the 3D absorbed dose calculation process as it took into account variations in 1 patient specific anatomical characteristics.
2
The differences between Drig and Ddef observed in our study are on average smaller than those observed by Ao et al 
6
On the other hand, we acquired a different CT scan for each SPECT scan and used this information in both attenuation 7 correction and image registration. This approach makes quantitative imaging more accurate and more adequate for a
8
PRRT trial. Our image registration workflow was based on anatomical imaging and VOIs were outlined in the 9 majority of cases on the first CT scan.
10
In particular, in this study we also considered the contribution of 'CT' contouring modality in SPECT quantification 11 on big down to small clinical volumes (i.e. organ down to lesion size).
12
The 'CT' contouring modality may be a more accurate criterion to define the morphological size of tumours. Also, 
6
In conclusion, three-dimensional image based dosimetry for 177 Lu-DOTATOC peptide receptor radionuclide therapy 
